Heralding techniques are useful in quantum communication to circumvent losses without resorting to error correction schemes or quantum repeaters. Such techniques are realized, for example, by monitoring for photon loss at the receiving end of the quantum link while not disturbing the transmitted quantum state. We describe and experimentally benchmark a scheme that incorporates error detection in a quantum channel connecting two transmon qubits using traveling microwave photons. This is achieved by encoding the quantum information as a time-bin superposition of a single photon, which simultaneously realizes high communication rates and high fidelities. The presented scheme is straightforward to implement in circuit QED and is fully microwave-controlled, making it an interesting candidate for future modular quantum computing architectures.
Heralding techniques are useful in quantum communication to circumvent losses without resorting to error correction schemes or quantum repeaters. Such techniques are realized, for example, by monitoring for photon loss at the receiving end of the quantum link while not disturbing the transmitted quantum state. We describe and experimentally benchmark a scheme that incorporates error detection in a quantum channel connecting two transmon qubits using traveling microwave photons. This is achieved by encoding the quantum information as a time-bin superposition of a single photon, which simultaneously realizes high communication rates and high fidelities. The presented scheme is straightforward to implement in circuit QED and is fully microwave-controlled, making it an interesting candidate for future modular quantum computing architectures.
Engineering of large-scale quantum systems will likely require coherent exchange of quantum states between distant units. The concept of quantum networks has been studied theoretically [1] [2] [3] [4] and substantial experimental efforts have been devoted to distribute entanglement over increasingly larger distances [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In practice, quantum links inevitably experience losses, which vary significantly between different architectures and may range from 2×10
−4 dB/m in optical fibers [16] to 5×10 −3 dB/m in superconducting coaxial cables and waveguides at cryogenic temperatures [17] . However, no matter which architecture is used, the losses over a sufficiently long link will eventually destroy the coherence of the transmitted quantum state, unless some measures are taken to mitigate these losses. Possible ways to protect the transmitted quantum information rely, for example, on using quantum repeaters [18, 19] , error correcting schemes [20] [21] [22] or heralding protocols [23] [24] [25] [26] , which allow one to retransmit the information in case photon loss is detected.
Heralding protocols are particularly appealing for near-term scaling of quantum systems since they are implementable without a significant resource overhead and can provide deterministic remote entanglement at predetermined times [27] . In essence, these protocols rely on encoding the transmitted quantum information in a suitably chosen subspace S such that any error, which may be encountered during transmission, causes the system to leave this subspace. On the receiving end, a measurement which determines whether the system is in S but does not distinguish between individual states within S, can be used to detect if an error occurred. Crucially, when the transfer is successful, this protocol does not disturb the transmitted quantum information. As a counter example, a simple encoding as a superposition of the vacuum state |0 and the single photon Fock state |1 is not suitable to detect errors due to photon loss because the error does not cause a transition out of the encoding subspace {|0 , |1 }. For this reason, encodings using other degrees of freedom such as polarization [28, 29] , angular momentum [30, 31] , frequency [32] , time-bin [33] [34] [35] [36] or path [37, 38] are more common at optical frequencies. Heralding schemes have been used with superconducting circuits in the context of measurement based generation of remote entanglement [9, 39] and also using two-photon interference [40] . The more recent deterministic state transfer and remote entanglement protocols based on the exchange of shaped photon wave packets [13] [14] [15] 41] have to the best of our knowledge not yet been augmented using heralding protocols.
In this work, we propose and experimentally benchmark a method to transfer qubit states over a distance of approximately 0.9 m using a time-bin superposition of two propagating temporal microwave modes. Our experimental results show that the protocol leads to a significant performance improvement, which is, in our case, a reduction of the transfer process infidelity by a factor of approximately two assuming ideal qubit readout. The stationary quantum nodes are transmons [42] coupled to coplanar waveguide resonators. The two lowest energy eigenstates of the transmon, |g and |e , form the qubit subspace S while the second excited state, |f , is used to detect potential errors. The multi-level nature of the transmon is also essential to the photon emission and reabsorption process, as described below. This technique can also be adapted to prepare entangled states of the qubit and the time-bin degree of freedom, making it suitable for heralded distribution of entanglement. Remarkably, it does not require any specialized components beyond the standard circuit QED setup with a transmon or any other type of non-linear multi-level system coupled to a resonator, such as capacitively shunted flux qubits [43] , and can be implemented without frequency tunability.
Our time-bin encoding scheme is based on a technique for generating traveling microwave photons [44] via a Raman-type transition in the transmon-resonator system [45] . When the transmon is in its second excited state |f and the resonator in the vacuum state |0 , application of a strong microwave drive of appropriate frequency induces a second order transition from the initial state |f 0 into the state |g1 where the transmon is in the ground state and the resonator contains a single photon. This photon is subsequently emitted into a waveguide coupled to the resonator, leaving the transmon-resonator system in its joint ground state. As the magnitude and phase of the coupling between |f 0 and |g1 is determined by the amplitude and phase of the applied drive [44] , the waveform of the emitted photon can be controlled by shaping the drive pulse. The same process applied in reverse can then be used to reabsorb the traveling photon by another transmon-resonator system [1, 14] .
The process for transferring quantum information stored in the transmon into a time-bin superposition state consists of the steps illustrated in Fig. 1(a) : The transmon qubit at node A is initially prepared in a superposition of its ground and first excited state, α|g + β|e , and the resonator in its vacuum state |0 . Next, two pulses are applied to transform this superposition into α|e + β|f . Then, another pulse induces the transition from |f 0 to |g1 as described above, which is followed by spontaneous emission of a photon from the resonator. The shape of the |f 0 -|g1 drive pulse is chosen such that the photon is emitted into a time-symmetric mode centered around time t a . After this first step, the system is in the state α|e0 ⊗ |0 + β|g0 ⊗ |1 a , where |0 and |1 a denote the vacuum state of the waveguide and the singlephoton state in the time-bin mode a. Next, the population from state |e is swapped into |f and the photon emission process is repeated, this time to create a single photon in a time-bin mode b centered around time t b . The resulting state of the system is |g0 ⊗(α|1 b + β|1 a ).
Because of time-reversal symmetry, a single photon, which is emitted by a transmon-resonator system into a propagating mode with a time-symmetric waveform, can be reabsorbed with high efficiency by another identical transmon-resonator system [1] . This absorption process is induced by a drive pulse obtained by time-reversing the pulse that led to the emission of the photon. By reversing both drive pulses in the time-bin encoding scheme, as illustrated in Fig. 1(b) , an incoming single photon in the time-bin superposition state α|1 b + β|1 a will cause the receiving transmon-resonator system, initialized in |g0 , to be driven to the state α|e0 + β|g0 as the photon is absorbed. Thus, this protocol transfers the qubit state encoded as a superposition of |g and |e from transmon A to transmon B. In short, the sequence is
where we have omitted the states of the resonators and the propagating field whenever they are in their respective vacuum states.
An important property of this transfer protocol is its ability to detect photon loss in the communication chan-nel. Indeed, if a photon is lost or not absorbed by the receiver, system B receives a vacuum state at its input instead of the desired single-photon state. This means that both absorption pulse sequences will leave transmon B in its ground state |g which will be subsequently mapped into |f by the final three pulses. By performing a quantum non-demolition measurement on the transmon which distinguishes between |f and the subspace spanned by |g , |e , but does not measure within this subspace, we can detect the photon loss event without affecting the transmitted quantum information. Such a binary measurement of a qutrit state can, for example, be realized by suppressing the measurement-induced dephasing in the ge subspace using parametric amplification and feedback [46] or by engineering the dispersive shifts of two transmon states on the readout resonator to be equal [47] . The protocol also detects failures of the state transfer due to energy relaxation at certain times during the time-bin encoding protocol, e.g. if no photon is emitted from A due to decay to |g before the first time bin. We discuss the detection of qutrit energy relaxation based on quantum trajectories in Appendix A.
We implemented this time-bin encoding protocol using the setup depicted in Fig. 2 (a) (see Appendix B and Ref. [14] for details). We performed qutrit single-shot readout instead of the binary measurement at transmon B to characterize the quantum state transfer with process tomography. For that, we initialized both transmon qubits in their ground states [50, 51] and subsequently prepared the qubit at node A in one of the six mutually unbiased qubit basis states Fig. 2(b) ]. We then ran the time-bin encoding and reabsorption protocol, as described above [ Fig. 1 ] and implemented quantum state tomography at node B for all six input states. Directly after the tomography pulses, we read out the |g , |e and |f states of transmon B with single-shot readout using a Josephson parametric amplifier (JPA) [53] in the output line. For readout characterization, we extracted probabilities of correct assignment of state |g , |e and |f for transmon B of P g|g = P (g| |g ) = 98.5%, P e|e = 92.3% and P f|f = 86.4% (see also Appendix C). Based on these single-shot measurements, we postselected experimental runs in which transmon B is not measured in the |f state keeping on average P qst suc = 64.6% of the data, and transferring qubit states at a rate Γ qst /2π = P qst suc Γ exp /2π ≈ 32.3 kHz. Using the post-selected data, we reconstructed the density matrices ρ ps of the qubit output state at node B based solely on the single-shot readout results and obtain the process matrix χ ps of the quantum state transfer. We compute an averaged state fidelity of F ps s = avg( ψ in |ρ ps |ψ in ) = 88.2 ± 0.2% and a process fidelity of F ps p = tr(χ ps χ ideal ) = 82.3 ± 0.2% relative to the ideal input states |ψ in and the ideal identity process, respectively.
To illustrate the detection of photon loss using the time-bin encoding protocol, we reconstructed all six qutrit density matrices ρ cor of the output state at node B At each of the nodes a transmon (orange) is capacitively coupled to two Purcell-filtered resonators which are used for readout (gray) and remote quantum communication (yellow). The directional quantum channel consists of a semirigid coaxial cable intersected by an isolator (see Ref. [14] for details). (b) Pulse scheme used to characterize the timebin encoding protocol to transfer qubit states between two distant nodes using quantum process tomography (QPT). ζ R φ ij labels a Gaussian derivative removal by adiabatic gate (DRAG) microwave pulses [48, 49] for transmon transition ij = {ge, ef} or transmon-resonator transitions ij = f0g1 of angle φ = {π/2, π} around the rotation axis ζ = {x, y}. If no axis is specified the pulses are around the x-axis. (c) Real part of the qutrit density matrix ρcor for the input state |− = (|g − |e )/ √ 2 after the state transfer protocol reconstructed using measurement-error correction. The magnitude of each imaginary part is < 0.017. using the same dataset and correcting for measurement errors in the qutrit subspace [14, 54] (see Appendix C for details). These qutrit density matrices have a significant average population of level |f of 39.1% indicating the detection of errors after the time-bin encoding protocol, which is compatible with 1 − P qst suc of the post-selected analysis [ Fig. 2(c) ]. Next, we projected these density matrices numerically onto the qubit ge subspace ρ pr cor [ Fig. 2(d) ], simulating an ideal error detection and reconstructed the process matrix χ pr cor of the quantum state transfer [ Fig. 2(e) ]. In this way, we found an average state fidelity of F cor s = avg( ψ in |ρ pr cor |ψ in ) = 93.5 ± 0.1% and a process fidelity of F cor p = tr(χ pr cor χ ideal ) = 90.3 ± 0.2% based on these measurement-corrected matrices. This analysis allowed us to compare the time-bin encoded protocol directly to a fully deterministic scheme without error mitigation, implemented in a similar setup [14] , in which we obtained F det p ≈ 80%. This clearly shows the advantage of time-bin encoding to reduce the effect of photon loss. In addition, we analyzed the sources of infidelity by performing numerical master equation simulations (MES) of the time-bin encoding protocol which we compared to the measurement-error corrected density and process matrices. We find excellent agreement with the experimental results, indicated by a small trace distance tr |χ pr cor − χ sim | /2 = 0.03 which is ideally 0 for identical matrices and 1 for orthogonal ones. The MES results indicate that approximately 5.5% of the infidelity can be attributed to |f → |e and |e → |g energy relaxation at both transmons during the protocol. Pure qutrit dephasing can explain the remaining infidelity.
In addition to a direct quantum state transfer, the generation of entanglement between distant nodes is a key task of quantum communication. Here, we use a simple modification of the state-transfer protocol to perform this task [ Fig. 3(a) ]. Both transmon-resonator systems are first initialized in their ground states. The first two pulses of the remote-entanglement protocol prepare transmon A in an equal superposition state 1/ √ 2(|e + |f ), followed by a pulse sequence which entangles the transmon state |g and |e with the time-bin qubit and maps the state of the time-bin qubit to transmon B. This process can be summarized as 1
and, in case of an error, transmon B ends up in state |f B . We performed post-selected experiments of the entanglement-generation protocol by selecting only experimental runs in which neither qutrit was measured in the |f state using individual single-shot readout on both transmons. Under this condition, we retained P these post-selected experiments, we generated entangled states at rate Γ ent /2π = P ent suc Γ exp /2π ≈ 30.8 kHz. To benchmark this entanglement protocol, we used full twoqutrit state tomography of the transmons in which we corrected for measurement errors with the same data set. The reconstructed density matrix, shown in Fig. 3(c) , displays a high population of the |g A , f B , |e A , f B states, P gf = 16.0% and P ef = 21.4%, and small population of |f A , g B , |f A , e B and |f A , f B , i={g,e,f } P f i = 2.7%, which indicates that photon loss is a significant source of error. We projected onto the ge qubit subspace numerically and obtained a two-qubit density matrix, Fig. 3(d) , showing a fidelity of F Comparing this state fidelity to the fully deterministic case, F det s ≈ 79% [14] , shows the potential of the proposed time-bin encoding protocol to generate remote entanglement independent of photon loss. Using a MES we attribute approximately 6.5% of the infidelity to energy relaxation and the rest to dephasing. As detailed in Appendix A, we performed a MES based on quantum trajectories and find that 64% of all decay events during the time-bin encoding protocol are detected. However, due to the additional time needed for performing the timebin encoding protocol relative to the direct Fock-state encoding this protocol is affected more by pure qutrit dephasing.
In conclusion, we experimentally demonstrated a method for transferring a qubit state between a threelevel superconducting quantum circuit and a time-bin superposition of a single propagating microwave photon. This type of encoding lends itself naturally to quantum communication protocols which allow detection of photon loss in the quantum link while maintaining a high communication rate. In our experiment, we have observed that the described protocol significantly improves the fidelity of transmitted quantum states and distributed Bell states between two distant transmon qubits when outcomes are post-selected on successful transmission of a photon. We also observed and analyzed the potential of the time-bin encoding protocol to detect errors due to energy relaxation of the qutrits during the protocol. 
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Appendix A: Stochastic Master Equation Simulations
In order to investigate the robustness of the time-bin encoding protocol with respect to qutrit energy relaxation, we numerically study a fictitious experiment with the same device parameters in which we monitor quantum jumps from |f → |e and from |e → |g on qutrits A and B, conditioning the system state on the measurement record. We perform N traj = 2000 trajectories unraveled in the manner described above [55] and, for each realization for which a jump occurred, compute the probability that the error is detected at the end of the time-bin protocol. Fig. 4(b) and (c) show this heralding probability as a function of the time at which the jump occurred for the four energy relaxation processes, |f n → |e n and |e n → |g n , n = {A, B}. For some decay events, qutrit B ends in the |f state and, consequently, the time-bin encoding protocol partially allows the heralding of qutrit relaxation.
For simplicity, Fig. 4(b) and (c) only show the cases where a single decay event occurred. Summing over all trajectories where one or more jumps are present, we can estimate the probability of an undetected decay event,
where ρ jump (t f ) is the state conditioned on the measurement record at the end of the protocol. For the entanglement generation protocol and the parameters of this experiment, we find that the probability of an undetected decay event is P undet = 5.5% which corresponds to P undet /P jump = 35.7% of trajectories where a jump occurred. Three types of decay events contribute the most to P undet , as shown in Fig. 4 In contrast to energy relaxation, pure dephasing does not lead to direct changes in qutrit populations. Consequently, the time-bin encoding does not allow the heralding of phase errors.
Appendix B: Sample and Setup
The samples and setup are identical to the one of Ref. [14] . Up to an exchange of the cryogenic coaxial circulator (Raditek RADC-8-12-Cryo) in the connection between the two samples with a rectangular waveguide isolator (RADI-8.3-8.4-Cryo-WR90) which affected the bandwidth of the transfer resonators due to its different impedance. The device parameters are summarized in Table I . We estimated the measurement assignment probabilities P s |s = P (s | |s ) by first assigning each trace prepared in state |s to state s obtained from a single-shot measurement and normalized the recorded counts. We summarized those normalized counts in a vector N and R B = P B (s B | |s B for transmon A and B, we reset both transmons to their ground state, prepared them in either |g , |e or |f individually using DRAG microwave pulses and performed single shot readout for which we optimized the readout power and integration time [56] to minimize the sum of all measurement misidentifications (the off-diagonal elements of R) [14] . For the singleshot readout we used Josephson parametric amplifiers (JPAs) with a gains of 21 dB and 24 dB and bandwidths of 20 MHz and 28 MHz. We obtained the assignment probabilities matrix R A = |g |e |f g 97.8 2.7 2.9 e 0.7 93.8 3.7 f 1. TABLE II . Numerical values of the experimentally obtained density matrix elements of the two-transmon remote entangled state in a two-qutrit basis using the time-bin encoding. The real part of this density matrix is depicted as colored bars in Fig. 3(b) .
for t B r = 216 ns and n B r between 0.2 and 0.5 used for characterizing the quantum state transfer protocol.
For two-qutrit states the assignment probability matrix R AB = P AB (s A , s B | |s A , s B ) = R A R B can be calculated using the outer product of the single-qutrit assignment probabilities matrices.
In the post-selected measurement analysis we discarded traces which were assigned to s = f in the single-shot measurement, keeping only the ge qubit subspace. We normalized the g, e counts and set the normalized counts equal to the populations of transmons in the qubit subspace. Based on these population we reconstructed the density matrices of the output states after the state-transfer or entanglement-generation protocol using a maximum-likelihood approach [57] .
To reconstruct the full single-qutrit (two-qutrit) density matrices we inverted the assignment probability matrix R AB ) is an advantage since we can prepare qutrit states with a higher fidelity than performing qutrit readout [14] because of an efficient reset [50] and high fidelity single qutrit pulses. TABLE III . Numerical values of the experimentally obtained process matrix elements of the qubit state transfer using the time-bin encoding protocol. The absolute value of this process matrix is depicted in Fig. 2(e) as colored bars.
